To identify recurrent regions of genomic gain or loss in chondrosarcoma in a clinically relevant and statistically valid fashion.
INTRODUCTION
The majority of what is known about the genetic changes of conventional (central) type and dedifferentiated chondrosarcoma comes from a limited number of classical cytogenetic reports. [1] [2] [3] [4] The overall summary of these studies is that chondrosarcomas are karyotypically complex tumors, and any definitive conclusions about recurrent nonrandom genetic changes in this group of tumors are difficult. As molecular medicine and gene-targeted therapy progresses, an understanding of the genetic pathways involved in chondrosarcoma will be essential.
One tool that has been widely used in the past to investigate genome-wide changes in a variety of tumors is metaphase comparative genomic hybridization (CGH). Although this type of analysis is useful, it is generally limited to resolution of genomic change of 10 to 15 million base pairs and often to just an entire chromosome or chromosome arm. Two different groups have previously used this type of analysis to investigate cartilaginous tumors. 5, 6 One group showed a limited resolution, with findings reported similar to classical cytogenetics. The second group initially reported similar findings 6 but later, with an increased number of samples, reported gains of 20q12-qter, 8q24.1-qter, 20p, and 14q24-qter (24%) and losses of Xcen-q21, 6cen-q22, and 18cen-q11.2. 7 Although this latter report provided important information, the resolution of specific genomic changes was still in the size of 10 to 15 million base pairs or greater.
Array CGH is a relatively new microarray-based interrogation of regions of DNA loss or gain on a genome-wide basis. Compared with metaphase CGH, the resolution of genomic change with array CGH is potentially within 1 to 2 million base pairs of gain or loss. 8 One such change noted from our array CGH data of 15 high-grade chondrosarcomas was amplification of 8q24.12-q24.13 over an approximate 2 to 3 million base pair region. The most notable gene of importance in this region related to tumor biology is MYC (v-myc myelocytomatosis viral oncogene homolog [avian] ; alias c-Myc). In parallel to CGH and to validate our findings in a clinically relevant fashion, we used fluorescent in situ hybridization (FISH) on a different sample set consisting of more than 100 specimens of cartilaginous tumors with clinical follow-up. The findings presented here are an important first step in a genome-wide analysis of chondrosarcomas.
MATERIALS AND METHODS

Specimens
Frozen specimens of 15 high-grade chondrosarcomas used for array CGH were acquired through the Midwestern Cooperative Human Tissue Network (Ohio State University, Columbus, OH). Specimens used for tissue microarray (TMA) validation (FISH) and clinical correlation consisted of 19 enchondromas, 44 grade 1 chondrosarcomas, 29 grade 2 chondrosarcomas, 10 grade 3 chondrosarcomas, and 14 dedifferentiated chondrosarcomas. The Ohio State University Institutional Review Board provided approval for this study. All samples of chondrosarcoma with less than complete negative surgical resection margins were excluded from this study.
Array CGH: Genomic DNA Isolation, Labeling, and Hybridization to Microarrays
Test DNA was extracted from approximately 500 mg of snapfrozen tissue from 15 grade 2 or 3 chondrosarcomas by standard proteinase K digestion followed by phenol/chloroform extraction. Reference samples consisted of pooled DNA extracted from WBCs of either five pooled normal male or female volunteers. Whole-genome arrays (Spectral Genomics, Houston, TX) were used as the array platform. This array consists of 2,620 BAC and PAC clones representing 2,588 unique genomic regions, covering the human genome at a resolution of roughly 1.25 Mb, from libraries RP11 and RP13 for BAC clones and RP1, RP3, RP4, and RP5 for PAC clones.
For DNA labeling, test and reference genomic DNA (10 g) were digested using 10 L of React3 10ϫ buffer and 2.5 L of EcoR1 enzyme (10 U/L; Invitrogen, Carlsbad, CA). After digestion, 2 g of the test and reference DNA was labeled via random priming using a BioPrime DNA Labeling Kit (Invitrogen Ltd, Paisely, United Kingdom) with Cy3-dUTP and Cy5-dUTP (Amersham, Piscataway, NJ). After removal of unincorporated nucleotides, purified labeled test and reference DNA were combined and mixed with 50 g of human Cot1 DNA (Invitrogen), 100 g of transfer RNA (Sigma, St Louis, MO), 20 g of poly A, 20 g of poly T, and 450 L of TE buffer. Labeled DNA was then denatured and hybridized in a custom-made hybridization chamber at 65°C for 16 to 24 hours. The arrays were then washed and dried by centrifugation before scanning.
All samples were labeled in the reverse direction and hybridized to two arrays, such that tumor DNA was evaluated with both Cy3 and Cy5 (dye-swap test). For controls, one normal male and female DNA were labeled and compared with a pool of normal male and female DNA, respectively.
Array CGH: Image Acquisition and Data Analysis
The arrays were scanned on an Axon 4000B scanner (Axon Instruments, Union City, CA). Image analysis and calculation of feature pixel intensities adjusted for local channel-specific background were performed using GenePix Pro 4.1 software (Axon Instruments) to perform gridding, spot detection, background subtraction, and flagging before importing into an Excel spreadsheet for normalization, additional evaluation, and statistical analysis.
Log 2 expression ratios were computed for each spot on each array followed by a median normalization method, adding a scalar to each log ratio of a given array to shift the median log ratio of the array to zero. Normalized log ratios for duplicate spots within an array were averaged, and these values were then averaged for forward and reverse fluorophore (ie, dye-swap) experiments after reversing the sign of the log ratios for the dye-swap experiment. Clones were ordered by chromosomal position according to the University of California, Santa Cruz Golden Path draft (July 2003 update; Santa Cruz, CA) human genome sequence (http://genome .ucsc.edu). To reduce experimental noise, a smoothed local aver-
was computed for each spot on each array. The thresholds for the log 2 ratio of gains and losses were set at the log 2 ratio of ϩ0.30 and Ϫ0.31, respectively, to include the upper and lower 5% of the median normalized fluorescent log 2 ratio values for all spots (clones). To summarize the data for all samples and identify regions of recurrent gain or loss, changes for each chromosome were then evaluated using horizontal box plots. We identify potential recurrent gains or losses to be those regions with a gain or loss in at least 25% of the patient samples based on estimation that the probability of type I errors (false positives) in a given region is 0.0055 or less at this level. As a means of visually displaying the data for chromosome 8, each log 2 ratio value of more than ϩ0.30 or less than Ϫ0.31 was assigned a value of 1 or Ϫ1, respectively, whereas values between these two values were assigned a value of 0. This data was then imported into an Excel worksheet, and values of 1, Ϫ1, and 0 were displayed as a red, green, and black colorgram, respectively.
TMA
Sixteen 1-mm tissue cores from each of 116 formalin-fixed paraffin embedded donor blocks of cartilaginous tumors were precisely arrayed into a new recipient paraffin block. Specimens for controls consisted of multiple cores of normal tissue from 10 different organs including heart, colon, kidney, adrenal, ovary, myometrium, brain, thyroid, lung, and prostate.
Immunohistochemistry and FISH
Immunoperoxidase staining was performed on formalinfixed, paraffin-embedded TMA sections using clone 9E10 (BioGenex, San Ramon, CA) at a 1:100 dilution. Slides were placed on a Dako Autostainer (Dako, Copenhagen, Denmark) for use with immunohistochemistry and stained as previously described. 9 Results were recorded as positive for strong or moderate nuclear staining in more than 10% of the neoplastic cells and as negative for samples with staining in less than 10% of cells of any intensity, weak staining in more than 10% of cells, or no staining.
FISH for MYC amplification using a commercially available probe (LSI MYC; Vysis, Downers Grove, IL) was performed in accordance with the manufacturer's guidelines and performed manually. Briefly, formalin-fixed, paraffin-embedded TMA blocks were cut into 3-to 4 -m thick sections, incubated overnight at 56°C, deparaffinized, washed, digested with protease, formalin fixed, denatured, and hybridized at 37°C for 16 hours. The slides were then washed in a posthybridization wash, counterstained with 4Ј-6-diamidino-2-phenylindole, and covered with a coverslip. Specimens were evaluated with an Olympus BX51 microscope (Olympus Optical Company, LTD, Tokyo, Japan) under oil immersion at ϫ100 magnification using the recommended filters. A ratio of the total number of MYC signals to the total number of CEP8 signals in at least 60 interphase nuclei with nonoverlapping nuclei in the tumor cells was determined. Cells with no signals or with signals of only one color were disregarded. Tumor cells displaying at least two centromeric chromosome 8 signals and multiple MYC signals, with an MYC:CEP8 ratio of Ն 2, were considered consistent with amplification of the MYC gene. Tumor cells displaying at least two centromeric chromosome 8 signals and an equal number of MYC signals, with an MYC:CEP8 ratio of less than 2, were considered consistent with no amplification of the MYC gene. Tumor cells displaying multiple CEP8 signals and an approximately equal number of MYC signals, with a somewhat random distribution of both, were considered polysomy 8.
Statistical Analysis: FISH
2 analysis was used for comparison of individual surgical and pathologic variables with MYC amplification and polysomy 8. Both univariate and multivariate logistic regression analyses were performed to investigate relationships between surgical and pathologic variables and outcome. For statistical purposes, site and grade as variables were reduced to two categories (appendicular v axial and grades 1 and 2 v grade 3 and dedifferentiated, respectively). For progression-free survival (PFS), patients were required to have time of first adverse event recorded or a minimum of 5 years of follow-up with no adverse event. In addition to the requirements for PFS, for overall survival (OS), patients were required to have a minimum of 5 years of follow-up after the first adverse event if this was a resectable recurrence that did not result in patient death. Only patients with initial complete tumor resection with adequate margins were used for PFS or OS analysis. Only patients with chondrosarcoma were included in survival analysis, with exclusion of all patients with enchondroma. Specifically, there were 23 grade 1, 15 grade 2, seven grade 3, and eight dedifferentiated chondrosarcomas in the group for survival analysis.
Patients not included in the survival analysis and present in the univariate or multivariate analysis were excluded as a result of less than 5 years of follow-up. Kaplan-Meier curves for PFS and OS were compared using the log-rank test.
RESULTS
Array CGH Chromosome 8
Chromosome 8 spans approximately 146 million base pairs and represents between 4.5% to 5% of the total DNA. The array used in this study contained 130 clones interrogating chromosome 8, giving coverage of one clone on average for every 1.1 mega base pairs. Copy number alterations on chromosome 8 representing gain for all samples were present in 4.0% of clones, whereas losses were present in 5.6% of clones (Fig 1A) , compared with 4.3% and 5.8% for gain and loss, respectively, of all clones on other chromosomes (complete data not shown). Each column of the colorgram represents a single sample, with gains illustrated as red, losses illustrated as green, and no change illustrated as black for each clone in relation to the chromosome 8 ideogram. Overall, the copy number alterations for chromosome 8 varied from 1 to several million base pairs and seemed to be noncontiguous and random, except for one locus at 8q24.12-q24.13, the region of the MYC oncogene, involving clones RP11-89K10, RP11-79E8, and RP11-94M13. Results of the horizontal box plot (Fig 1B) show that gain at 8q24.12-q24.13 is the only change at the cutoff values of ϩ0.3 and Ϫ0.3 present in greater than 25% of all samples. Each horizontal gray box represents one clone on the array. The line in the middle of each box represents the median value of 15 chondrosarcomas for that clone, the left and right ends of the box give the 25th and 75th percentiles, and the left and right whiskers give the 10th and 90th percentiles. The red-dashed lines indicate the threshold values for calling the filtered log ratio a gain or loss (Ϯ0.3). The region at 8q24.12-q24.13, the site of MYC, represented an amplicon of approximately 3.5 million base pairs at chr8:130,688,249 to 134,103,781. Besides the MYC oncogene, there are 11 other known genes either within or immediately adjacent to this region that include, from centromeric to telomeric, C8FW, NSE2, POU5FLC20, AK093424, AF336886, MGC27434, MLZE, DDEF1, ADCY8, D63477, and KCNQ3. No loci for which the 25th percentile approaches or exceeds the threshold value of Ϫ0.3, indicative of a recurrent region of genomic loss on chromosome 8, were identified.
FISH
For the 116 samples represented in the TMA, thereenchondroma or grade 1 chondrosarcoma (Table 1) . Highgrade chondrosarcomas (grade 2 to 3 and dedifferentiated) all showed a similar rate of MYC amplification (15% to 21%). For all three samples of dedifferentiated chondrosarcoma with MYC amplification, the associated lower grade component did not show amplification. The pattern of MYC amplification for all samples consisted of tight clusters of signal generally restricted to one or two areas of the nucleus (Fig 2B) . The presence of high-level amplification (Ͼ 20 to 25 copies per cell) was characteristic of all samples with MYC amplification and indicative of an intra-or interchromosomal tandem duplication (homogeneously staining regions) of the MYC gene. There was no difference in the occurrence of MYC amplification in axial versus appendicular tumors (P ϭ .487). In contrast to MYC amplification, polysomy 8 was identified in several grade 1 chondrosarcomas (18%). This was different from the results for enchondroma, in which no increased numbers of chromosome 8 were detected (P ϭ .047). Although polysomy 8 was quite frequent in grade 1 chondrosarcomas, the rate was much higher (P ϭ .003) in high-grade chondrosarcomas. Polysomy 8 was present in all grade 3 Enchondroma  19  19  100  0  0  0  0  Chondrosarcoma  G1  44  36  82  0  0  8  18  G2  29  16  54  4  15  9  31  G3  10  0  0  2  20  8  80  Dedifferentiated  14  7  50  3  21  4  29 tumors (Fig 2D) and in approximately one third of all grade 2 and dedifferentiated tumors, without MYC amplification. Of the nine total samples in the validation study with MYC amplification, two showed polysomy 8, and the others showed no increased CEP8 signals.
Immunohistochemistry
All samples with MYC amplification showed strong nuclear protein expression in generally all of the neoplastic chondrocytes ( Fig 2C; Table 2 ). For samples with polysomy 8 and no MYC amplification, there was frequent protein expression ranging from just less than 60% for enchondroma and grade 1 chondrosarcoma up to almost 90% for grade 3 chondrosarcoma.
Survival Analysis
Of the 116 patients in this study, 53 met the requirement for PFS, and of this group, 47 met the requirement for OS. The six patients in the PFS group not meeting the criteria for OS analysis consisted of patients with locally recurrent resectable disease but with a limited follow-up after this event. For patients with an adverse event, the median follow-up to the time of event was 12 months (average, 40 months; range, 3 to 156 months). For patients with no adverse event, the median follow-up was 84 months (average, 108 months; range, 60 to 276 months). Of this group of 53 patients, there were 36 adverse events, which resulted in the death of the patient in 25 instances. There was a near even distribution of axial (45%) versus appendicular tumors (55%) for this group of patients, with almost three fourths of the patients (72%) having grade 1 or 2 chondrosarcoma versus grade 3 or dedifferentiated chondrosarcoma. In this group of 53 patients, there were five patients with MYC amplification and 19 patients with polysomy 8.
The median OS time was 5.0 years. A Kaplan-Meier survival curve (Fig 3) for OS showed a statistically significant difference (log-rank test survivor function, P ϭ .034) for patients with MYC amplification (median, 1.1 year; range, 0.5 to 12.0 years; 95% CI, 0.5 years to ϱ) or polysomy 8 (median, 2.0 years; range, 0.5 to 15.0 years; 95% CI, 0.5 to 12.0 years). The results for PFS (Fig 4) showed a similar trend, but no statistically significant difference was noted between the curves by log-rank test (P ϭ .132). Univariate analysis involving Cox proportional hazards models showed that grade (P ϭ .003), polysomy 8 (P ϭ .045), and MYC amplification (P ϭ .053) correlated with shorter OS (Table 3) . For univariate analysis of PFS, only grade (P ϭ .035) was important. For multivariate analysis of OS, grade of chondrosarcoma (P ϭ .026) was the only factor to reach statistical significance. For multivariate analysis of PFS, none of the factors analyzed reached a statistically significant P value. Expression of the MYC protein was too frequent for any meaningful statistical analysis using these models.
DISCUSSION
At the current time, the only proven treatment for chondrosarcoma is complete resection. As surgery has improved over the last 30 to 40 years, the OS rate for chondrosarcoma has remained flat. 10 This emphasizes the need to understand the genetic pathways involved in chondrosarcoma as gene-targeted therapy progresses. In the context of markers of diagnostic or prognostic importance, unique site-specific genome copy number alterations do not have to identify a specific gene but merely a segment of DNA from several kilo base to mega base pairs in size that contain one or more potential genes of interest.
11 There are several limitations to this study in the context of biologic interpretation of the results that relate to this issue. The presence of polysomy 8 in a high proportion of patients with a poor outcome, with or without MYC amplification, possibly implies other candidate oncogenes on chromosome 8 not discovered by our analysis. Other important oncogenes on chromosome 8 could be amplified at lower levels that we did not detect because we set our threshold values of gain or loss to detect those genomic regions with the greatest change. To further complicate this issue, some of these potential oncogenes, such as tribbles homolog 1 (Drosophila) (C8FW, or TRIB1) and development and differentiation enhancing factor 1 (DDEF1), are within 2 to 3 mega base pairs of MYC. Another distinct possibility is that polysomy 8 acts as a marker of chromosomal instability in chondrosarcoma. As strictly a prognostic marker, neither of these arguments has little value because the mere identification of the specific genomic change can serve as a clinical end point. In regard to development of potential molecular-targeted therapies, these issues could be critically important.
Data analysis of array CGH data does influence the final results of any such study, and a number of somewhat complicated models have been put forth for this purpose 12,13 but at the risk of introducing systematic errors that are difficult to identify. We were particularly concerned with this problem given the known karyotypic complexity of high-grade chondrosarcomas. We did combine data from two measurements with dye reversal as one step to reduce errors. Our threshold of gain or loss was a statistically simple model based on the distribution of overall changes and designed to emphasize those loci with the highest level of change. In addition, we smoothed the average ratio on neighboring array elements to improve the thresholding process at the cost of potentially blurring the boundaries of any such change. Undoubtedly, this type of analysis will miss some loci of gain or loss occurring at lower threshold values. We have initially accepted this latter fault in an attempt to initially identify the most obvious areas of genomic change in this group of tumors.
The results of our immunohistochemical studies would support that MYC is at least one important oncogene in the 8q24.12-q24.13 region. All of our samples with MYC amplification showed high levels of MYC protein expression. That MYC was expressed in a number of samples without MYC amplification, some of which showed polysomy 8, is not surprising. Both MYC amplification and protein overexpression have been demonstrated in a wide variety of tumor types. [14] [15] [16] Amplification is only one mechanism of protein overexpression of a gene, and other mechanisms, such as increased transcription or translation and/or decreased mRNA degradation, could play a role in samples without such genomic changes. Our survival data support the assertion that polysomy 8 and/or MYC amplification is a much better marker of prognostic importance than MYC protein expression. This is not surprising given similar findings for other oncogenes, such as HER-2, in other types of cancer.
17
Amplification of MYC in chondrosarcoma was first reported approximately 15 years ago by the same group in two separate publications. 18, 19 In these studies, amplification of MYC was noted in two of nine chondrosarcomas and one osteosarcoma. These studies were limited by the use of dot blot and Southern blot procedures, which do not distinguish between true gene amplification and polysomy 8, and lacked a significant number of patients with clinical follow-up. The only report to date of array CGH in chondrosarcoma involves a single chondrosarcoma cell line. 20 In this study, gene expression profiling was combined with array CGH in the FSCP-1 cell line to identify up-or downregulated expression of genes corresponding to regions of DNA loss or gain. The results of this study in the FSCP-1 cell line revealed an overall heterogeneous pattern of DNA gains and losses, with MYC being the only gene with a marked upregulation of expression located in a region of DNA copy number gain.
In regard to therapeutic potential of MYC amplification and protein overexpression, many facets of cancerrelated biologic activities, including transformation, immortalization, blockage of cell differentiation, and induction of apoptosis, 21 have been identified. Recent studies have shown that inactivation of the MYC oncogene alone can reverse tumorigenesis in various cancer cell lines. 22, 23 Of therapeutic importance, short interfering RNAmediated gene silencing of MYC has also recently been demonstrated. 24 Of added importance, this downregulation of MYC expression resulted in an increased sensitivity of HeLa cells to radiation used in this latter study.
To summarize, we have shown that MYC is amplified and overexpressed in a frequent percentage (15% to 20%) of high-grade chondrosarcomas. This change has little utility in the diagnostic assessment of chondrosarcoma because enchondroma and grade 1 chondrosarcoma showed no evidence of MYC amplification. Polysomy 8 may have some utility in this regard because it was identified in almost 20% of grade 1 chondrosarcomas but none of the enchondromas. For grade 2 and higher chondrosarcomas, MYC amplification and polysomy 8 are prognostic markers of poor outcome. The therapeutic implications of this finding are less clear, but potential methodologies of MYC inactivation have been demonstrated.
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